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The colonization of the epiphytic niche of tropical forest canopies played an important 27 role in orchid's extraordinary diversification in the Neotropics. However, reversals to 28 the terrestrial habit occurred sparsely in species of Epidendroideae. To better understand 29 which factors might have been involved in reversals to terrestrial habits in the 30 predominantly epiphytic Epidendroideae, we investigate Galeandra diversification in 31 time and space. We hypothesized that the reversal to the terrestrial habitat is linked to 32
the origin of open vegetation habitats in South America. We generated a time-calibrated 33 phylogeny based on a matrix of 17 out of 20 species of Galeandra plus outgroups and 34 seven DNA markers. We found that Galeandra originated towards end of the Miocene, 35 about 10 Ma in Amazonia (including the Guiana Shield). The terrestrial clade originated 36 synchronously with the rise of dry vegetation biomes, suggesting that aridification 37 during the last 5 million years dramatically impacted the diversification of epiphytic 38 lineages in the Neotropics. Habit is correlated with floral spur lengths and geographic 39 Introduction 52 53
The colonization of the epiphytic niche in tropical forest canopies played an 54 important role in the extraordinary diversification of orchids in the Neotropics (Benzing, 55 1987; Gentry and Dodson, 1987; Givnish et al. 2015) . Epiphyte microsite specialization 56 together with biotic and abiotic variables including pollinator shifts, CAM 57 photosynthesis, and presence in cordilleras have been proposed as the main drivers of 58 orchid (Givnish et Orchids are the most diverse group among epiphytes, accounting for 68% 64 (19,000) of the 27,600 vascular epiphyte species (Gentry and Dodson, 1987; Zotz, 65 2013) . The evolution of epiphytism may have enhanced orchid diversification by 66 allowing the conquest of new, largely unoccupied niches (Givnish et al., 2015) , and 67 often terrestrial orchid lineages are less diverse than the epiphytic (Gravendeel et al., 68 2004 ). The epiphytic habit offers the option of colonizing a larger heterogeneity of 69 habitats: all the surface of branches, twigs and bark. However it requires adaptation to 70 low substrate stability, limited nutrient and water supplies, and to colonize the 71 patchiness biotope (Laube and Zotz, 2003) . Thus, the canopy is difficult to colonize and 72 only a plant with a complex suite of adaptations could survive as an epiphyte (Benzing, 73 1987) . Orchid adaptations to tree bark includes root with layer(s) of dead cells known as 74 velamen, which enhance water and nutrient absorption and protects photosynthetic roots 75 against UV-B radiation (Chomicki et al., 2015a) , and thick succulent leaves and stems 76 that store water (Freudenstein and Chase, 2015) . 77
In Orchidaceae, epiphytism evolved at least four to seven times over the 78 past 43 million yr and was possibly lost about seven to ten times (Chomicki et al., 79 2015) . In the species-richest subfamily Epidendroideae the epiphytic habit 80
predominates, yet the ancestral condition in orchid is clearly terrestrial (Chomicki et al., 81 2015; Freudenstein and Chase, 2015 (Freudenstein and Chase, 2015) , Malaxideae (Cameron, 2005) and Galeandra 86 (Catasetinae). Although most reversals are associated to species-poor lineages, some are 87 associated to speciose clades, potentially resulting from rapid diversification (Cameron, 88 2005) . The reversals to terrestrial habit are still poorly understood, but they might 89 involve deep changes in morphological adaptations (Zhang et al., 2017) such as the loss 90 or reduction of the velamen (Chomicki et al., 2015a) or occupation of new habitats 91 (Sosa et al., 2016) . Some of these adaptations are possibly linked to the presence of 92 AGL12 gene, which are otherwise lost in epiphytic orchids (Zhang et al., 2017) . 93
To better understand the factors that might have influenced the reversal to 94 the terrestrial habits in a linage within the predominantly epiphytic Epidendroideae, we 95 investigate Galeandra diversification dynamics, climatic preferences, flower 96 morphology and area of occurrence, using phylogenetic comparative methods. 97
Galeandra is a widely distributed genus in the Neotropical region, ranging from 98 southern Florida to northern Argentina, and five of its ca 20 species are terrestrial 99 (Monteiro et al., 2010) . Galeandra species occur across a wide range of biogeographic 100 regions, mainly Amazonia, Cerrado savannahs and Atlantic Forest. Epiphytic 101
Galeandra usually occupy more restricted distribution ranges, and occurs in forested by an enlarged part of pollinator's body (e.g tongues), but also legs (Steiner and 117 Whitehead, 1990; Whittall and Hodges, 2007) . Floral spur enlargement is usually linked 118 to pollinators shifts, and it has been hypothesized as an adaptive response to predefined 119 pollinator morphology (Whittall and Hodges, 2007) . The extent to which different floral 120 morphologies are associated to distinct habitats is unknown, but habitat preference 121 might have driven the evolution of particular pollination syndromes. 122
To investigate Galeandra diversification in time and space, and potential 123 associated floral trait shifts, we used DNA sequences from Monteiro et al. (2010) plus 124 newly generated sequence data of Galeandra, including a denser outgroup sampling. 125
We aim to answer the following questions: (i) when and where did Galeandra and GenBank numbers are presented in Table S1 . DNA extraction, PCR conditions and 140 sequencing methods are described in Monteiro et al. (2010) . 141
The final matrix consisted of 31 taxa and 6014 nucleotides for five plastid 142 (ycf1, psbA-trnH, rpoB-trnC and trnS-trnG), and two nuclear (xdh, ITS and ETS) 143 markers. Alignments were performed in MAFFT v. 7 (Katoh and Standley, 2013) , with 144 default parameters except for the plastid markers which were aligned using the G-INS-i 145 strategy following recommendations for sequences with global homology. ITS and ETS 146 which were aligned using the Q-INS-i strategy, which considers the secondary RNA 147 structure (Katoh and Standley, 2013) . The alignments were manually edited in Geneious 148 6.0 (Biomatters, 2013) to correct obvious alignment errors. In the absence of supported 149 (Maximum Likelihood Bootstrap Support [MLBS] > 75%) phylogenetic incongruence 150 between plastid and nuclear markers, the matrices were concatenated, also in Genious. 151
Prior to molecular dating analysis, we performed Maximum Likelihood 152 searches and compared our results with a previously published phylogeny of Galeandra 153 http://geocat.kew.org). EOO represents the defined area contained within the shortest 208 imaginary boundary drawn to encompass all the known sites of occurrence of a taxon, 209 often measured by a minimum convex polygon; AOO represents the area within its 210 "extent of occurrence" which is occupied by a taxon, usually calculated by the sum of 211 all square grids in which the species were registered (IUCN, 2013). Because EOO 212 extrapolates the area of occurrence of a species, we choose AOO for our analysis. The 213 Table S5 shows the values of AOO measured and used in the analysis. 214 215
Ancestral state estimation of spur length 216
Fifteen out of the 20 know species of Galeandra (17 included in our DNA 217 sequence matrix) were included in the analysis. We obtained minimum, mean and 218 maximum values of spur length and width ( Figure S1 ) from herbarium specimens and 219 literature (Monteiro et al., 2010) . Whenever possible, we gathered measures from at 220 least five individuals per species. Table S6 provides a list with all measurements of 221 species studied and herbarium specimens sourced. Maximum Likelihood Ancestral 222
State Estimation (ASE) of mean spur length values was conducted using an ultrametric 223 tree derived from dating analysis (see above) and the function contMap of the R 224 package 'phytools' (Revell, 2012) . In addition, to investigated the evolution of spur 225 length through time, we produced a traitgram (Evans et al., 2009) 
Correlation tests 232
We further test for the correlated evolution between plant habit (0=terrestrial, 233 1=epiphytic), and spur length under a quantitative genetic threshold model (Wright, 234 1934; Felsenstein, 2012) . This model is applied to discrete variables (e.g. viviparity: 235
Lambert & Wiens, 2013; feeding mode in fishes: Revell, 2013) , whose probability of 236 state change is associated to an underlying continuous variable. Correlation analysis 237 was implemented on a Bayesian framework for 1,000,000 generations, with a sampling 238 fraction of 100 generations using the function threshBayes in the R package 'Phytools' 239 (Revell, 2012) . 240 241 Phylomorphospace 242 243
To visualize relationship between the spur length, range size and plant habit, 244 while simultaneously accounting for phylogenetic relationship, we generated a 245 morphospace using spur length and range size as continuous variables. To this end, we 246 relied on the function phylomorphospace of the R package phytools (Revell, 2012) . To ask whether (i) epiphytic versus terrestrial Galeandra, and (ii) short-spurred versus 270 long-spurred Galeandra had different niches, we computed the 95% confidence 271 intervals for each group. Overlap between confidence intervals suggests the absence of 272 significant niche differentiation among groups. 273
274

Results
276
Phylogeny of Galeandra and time of origin of terrestrial and epiphytic clades 277 278
Our matrix of 31 taxa and 6014 nucleotides for four plastid and three 279 nuclear genes yielded a tree with the same relationships found by Monteiro et al., 280 (2010) analysis for Galeandra species (Fig. S1 ). Our enlarged outgroup sampling 281 scheme represents the genus level relationships in the tribe Catasetinae with high 282 support for the core Catasetinae sensu (Dressler, 1983) . In our phylogeny, Galeandra is 283 sister group to the core Catasetinae (Catasetum, Clowesia, Cycnoches, Mormodes, 284
Dressleria)
plus Grobya+Cyanaeorchis (but larger datasets indicate 285
Grobya+Cynaeorchis as sister to Galeandra+coreCatasetinae (Batista et al., 2014; 286 Pérez-Escobar et al., 2017a, 2017b, 2016, 2015) . Galeandra devoniana was recovered 287 as sister to the remaining Galeandra species, which is split into a terrestrial and a 288 epiphytic clades, both well supported (ML bootstrap support = 100). Absolute age 289 estimation (Fig. 1, Fig. S2) highlighting the different rate of evolution of the considered states (short and long spur). 324
We observed a shift in morphological rates at the base of the long-spurred clade of 325 Galeandra (epiphytic species) (Fig. 2B) . The terrestrial and short-spurred clade presents 326 a higher rate of morphological change. 327
The figure The NDMS analysis found only the bioclimatic variables 1, 2, 12, 13, 14 335 and 18 to be non-correlated (Fig. S5 ). We detected no niche differentiation between 336 terrestrial and epiphytic Galeandra neither between long and short-spurred Galeandra 337 ( Fig. S6 and Fig. S7 ). Changes from epiphytic to terrestrial habitat might have played a role in 411
Galeandra ecological requirements far beyond light and water levels, and may have 412 also affected interactions with bee pollinators. Epiphytic species presents longer floral 413 spurs, which can be associated to the evolution with long tongued pollinators, such as 414
Euglossini bees, the primary pollinators of Catasetinae orchids (Dressler, 1982; Ramírez 415 et al., 2011). 416 Pollination observations in Galeandra flowers are scarce, limited to some 417 punctual observations of pollinaria attached to male orchid bee's body (i.e. fragrance 418 seeking) (Pearson and Dressler, 1985; Romero-Gonzalez and Warford, 1995) or 419 "Anthophoridae" bees (possibly Xylocopa) (nectar or pollen seeking) (Chase and Hills, 420 1992; Romero-Gonzalez and Warford, 1995). However, how Galeandra attract their 421 pollinators remains a mystery. Floral spurs in epiphytic Galeandra apparently lack any 422 nutritional reward to pollinators, indicating a possible deceptive attraction, very 423 common in orchids (Ackerman, 1986; Jersáková et al., 2006; Nilsson, 1998; Pansarin 424 and Maciel, 2017). Fragrance-seeking bees can find rewards at least in G. devoniana, G. 425 magnicolumna and G. stangeana (SHNM pers. obs.) Observations on cultivated 426 epiphytic species of Galeandra (G. cristata, G. santarenensis, G. stangeana) shows that 427 they are self-compatible, but not able to self-pollinate, therefore requiring cross-428 pollination (SHNM pers. obs.). 429
Terrestrial species have a variable spur length, but in general shorter than 430 epiphytic. The occupation of terrestrial habits might have led to shift in pollinator's 431 requirements or independence of pollination by animals. Euglossini bees are diverse and 432 widespread in forested habitats, mostly on cloud or lowland forests (Cameron, 2004; 433 Dressler, 1982) , presenting low diversity in open vegetation habitats like Cerrado (Faria 434 and Silveira, 2011). The orchid bee fauna occurring in open vegetation biomes are 435 frequently associated to patches of forests occurring along the rivers and there is no 436 species endemic to these biomes, but shared with adjacent large forested biomes like 437 Amazon or Atlantic Forest (Faria and Silveira, 2011) . Because flowers of terrestrial 438
Galeandra appear to be rewardless, pollination by deceit might also occur in this clade. 439
Also, terrestrial G. beyrichii and G. montana present very wide distribution ranges (i.e. 440 so and so) and high levels of fruit production in herbaria material, suggesting self-441 pollination is common among these taxa. However, evidences for self-compatibility, but 442 not spontaneous self-pollination, were observed on cultivated plants of the terrestrial G. irregular moisture supplies, making water shortages a limiting factor for the 456 establishment and growth of epiphytes (Benzing, 1987; Laube and Zotz, 2003; Zhang et 457 al., 2015) . On the other hand, the terrestrial species do not form a cohesive group 458 regarding range size or floral spur length. 459
Slow morphological change in interaction-related traits is a feature of highly 460 specialized mutualisms, and suggests stabilizing selection (Chomicki and Renner, 2017; 461 Davis et al., 2014) . Our morphological analysis shows terrestrial Galeandra has a high 462 spur morphorate (Fig. 2) , potentially resulting from disruption of bee pollination. As 463 mentioned earlier, long-spurred taxa are likely to have more specialized pollination 464 syndromes than short-spurred ones, which are deemed to be more generalist. Table S1 . List of species used in this study with voucher information and GenBank 799 accession numbers. Newly generated sequences are written in bold. Herbarium 800 acronyms followed the Index Hebariorum http://sweetgum.nybg.org/science/ih/ 801 Table S2 . Botanical collections revised for geographical distribution data of Galeandra. 802
Herbarium acronyms followed the Index Hebariorum 803 http://sweetgum.nybg.org/science/ih/ 804 Table S3 . Statistical results from BioGeoBEARS multimodel approach. In bold the 805 best-fit model. 806 Table S4 . Galeandra species and their Area of Occupancy (AOO) and Extent of 807 Occurrence (EOO), in square meters (km 2 ) calculated in GeoCAT (Bachman et al. 808 2011; http://geocat.kew.org) 809 Table S5 . Measurements of floral spur length and width. Herbarium acronyms followed 810 the Index Hebariorum http://sweetgum.nybg.org/science/ih/. 811
